Isotype switch recombination together with somatic mutation of immunoglobulin variable genes is indicative of B-cell maturation stage. Because aberrant isotype switch events occur in a proportion of gastric mucosa-associated lymphoid tissue (MALT) lymphomas, we tested whether gastric MALT lymphomas with or without aberrant rearrangements in the switch regions differ in B-cell maturation stage. Southern blot analysis of DNA from six gastric MALT lymphoma cases revealed the presence of aberrant isotype switch events in three cases. Somatic common mutations were present in all immunoglobulin variable heavy chain genes of the six cases, and homology with the closest germline ranged from 89.5% to 98.8%. Replacement versus silent mutation ratio analysis of complementarity-determining regions and frameworks indicated the positive selective pressure of an antigen in four cases. In the remaining two cases, protein translated from the third complementarity-determining region suggested the selective pressure of an autoantigen. The three cases with aberrant isotype switch events showed no noncommon mutations, whereas two of three cases without evidence of aberrant isotype switch showed high levels of such mutations. Moreover the three cases with aberrant isotype switch, compared with the three cases without, showed an increased number of common mutations and of N segment additions. These data raise the possibility of two distinct subsets of gastric low-grade MALT lymphomas, one with aberrant isotype switch and no intraclonal diversification, and one with no aberrant isotype switch but with intraclonal diversification. The first subset may originate from a postgerminal center environment and the second from a germinal center. Alternatively, the first subset may derive from the second after maturation or after a transformation event that blocks the mutational process. (Lab Invest 2002, 82:535-541).
M ucosa-associated lymphoid tissue (MALT) lymphoma cells, which are typically CD5 Ϫ , CD10 Ϫ , and IgM ϩ IgD Ϫ , are thought to derive from marginal zone B cells and to arise at sites of chronic organspecific inflammation caused by autoimmunity or specific inflammation (Nakamura et al, 1998; Zucca et al, 1998) . MALT lymphoma of the stomach is acquired in the context of chronic lymphoid proliferation due to the presence of Helicobacter pylori and is characterized by centrocyte-like cells localized beneath the mucosal epithelium, potentially giving rise to lymphoepithelial lesions. The possibility of antigen-driven lymphomagenesis is strongly supported by the fact that gastric low-grade MALT lymphomas can be cured with antibiotics that eradicate H. pylori (Bayerdorffer et al, 1995; Montalban et al, 1997; Roggero et al, 1995; Steinbach et al, 1999; Wotherspoon et al, 1991) .
In B cells, which engage an antigen-driven immune response in the germinal center, isotype switch recombination together with somatic mutations in the immunoglobulin variable genes contributes to the process of B-cell maturation. This maturation process can be divided into four stages. In the first stage, the B-cell progenitor undergoes no V H DJ H rearrangement or isotype switch. In the second stage, the naïve B cell undergoes V H DJ H recombination but no V H gene mutation. In the third stage, the B cell in the germinal center environment undergoes variable heavy chain (V H ) gene mutation and isotype switch. Finally in the postgerminal center stage, the memory B cell or plasma cell accomplishes the mutational process and produces high-affinity antibodies (Kuppers et al, 1999) . Analysis of V H gene mutations and isotype switch events in tumors of the B-cell lineage provides an estimate of B-cell developmental stage at which malignant transformation occurs (Matolcsy et al, 1997) . We recently demonstrated that a proportion of IgM ϩ gastric MALT lymphoma cells undergo aberrant isotype switch recombination and suggested that MALT without evidence of aberrant isotype switch recombination may originate from a less differentiated B cell (Nardini et al, 2000) . Other studies of tumorderived rearranged V H genes demonstrated the presence of somatic mutations with evidence of intraclonal diversification, ie, noncommon mutations, in some cases (Du et al, 1996; Qin et al, 1995 Qin et al, , 1997 . The findings of aberrant isotype switch recombination and V H somatic mutations strongly suggest that direct antigen stimulation plays a role in clonal expansion of this tumor. Moreover, although the accumulation of somatic mutations in the V H genes indicates that the cell has been exposed to the hypermutation mechanism and therefore must have entered or passed through the germinal center (Bahler et al, 1991; Berek et al, 1991; Hummel et al, 1994; Levy et al, 1987; Rajewsky, 1996) , the detection of intraclonal diversification allows discrimination between germinal center B cells, which show noncommon mutations, and postgerminal center B cells, which do not (Kuppers et al, 1993) .
To determine whether gastric low-grade MALT lymphomas with or without aberrant rearrangements in the switch regions differ in B-cell maturation stages, we investigated the V H gene mutational status. V H genes were sequenced and analyzed for the presence and nature of somatic mutations (common and noncommon) and for the presence of possible antigen selective pressure.
Results

Detection of Rearrangements in Immunoglobulin Heavy Chain (IgH) Switch Regions
Genomic DNA from six IgM ϩ /IgD Ϫ gastric low-grade MALT lymphomas was analyzed by Southern blot for rearrangements in the IgH switch regions. Five pairs of probes (one pair for each isotype) that hybridize upstream (5') and downstream (3') of each switch region were used for each case. Upstream and downstream switch probes detect the same restriction fragment for "germline" switch regions. "Productive" switch recombinations result in the generation of a restriction fragment detected by the 5' switch mu (5'S) probe and any 3' switch probe. Finally "aberrant" switch recombinations generate restriction fragments uniquely detected by only one switch probe. Using different enzymatic digests (HindIII, SphI, BglII) , three low-grade MALT lymphomas (nos. 1, 2, and 3) showed evidence of aberrant isotype switch recombination in the S region, and three cases (nos. 4, 5, and 6) showed no aberrant restriction fragments. Hybridizations with switch probes for other isotypes gave no aberrant restriction fragments. Representative hybridizations are shown in Figure 1 .
V H Gene Amplification and Analysis of Common Mutations
V H genes were amplified from genomic DNA of each patient using different primer pairs ("Materials and Methods") that amplify the complete V H region or the region from framework (FR2) to the joining heavy chain region (J H ). In all but one case (no. 4), a single monoclonal band was amplified (data not shown). Reaction products were cloned and sequenced, and multiple clones for each case were screened. Repeated V H gene sequences were identified in all cases. V H regions of all six low-grade MALT lymphomas revealed the correct frame with no stop codons.
Comparison of the V H sequences with the known germline genes revealed that one case (no. 2) belonged to the V H 3 family, three cases (nos. 1, 5, and 6) to the V H 4 family, and one case (no. 3) to the V H 5 family; case 4 showed a biallelic V H DJ H rearrangement with V H 1 on one allele and V H 4 on the other allele (Table 1) . Frequencies of common mutations were determined on the dominant or consensus V H sequence of each case. Somatic mutations were present in all V H sequences, and homology with the closest germline ranged from 89.5% to 98.8%. The frequency of common mutations in patients 1, 2, and 3 was higher (mean 7.8%) than in patients 4, 5 and 6 (mean 2.4%; p ϭ 0.05; Table 2 ). The ratios of replacement to silent (R/S) mutations in the complementaritydetermining regions (CDRs) were higher than expected in four cases (nos. 1, 2, 4, and 5) and lower in the other two cases, whereas R/S mutations in FRs were lower than expected in all cases ( Table 2) .
Analysis of V H Region Noncommon Mutations
In addition to common mutations, noncommon mutations above the estimated Taq error rate of approximately 0.2% were present in two cases (5 and 6). For each patient, at least three independent clones were analyzed. Table 3 gives the number of analyzed sequences for each patient and the frequency of noncommon mutations ranging from 0.2% to 3.5%. Figure 2 shows the sequences of four independent clones in case 5 and of three independent clones in case 6 with common and noncommon mutations. Southern blot analysis of switch regions in six gastric low-grade mucosaassociated lymphoid tissue (MALT) lymphomas. Genomic DNA, digested with SphI (cases 1 and 4) or HindIII (case 2, 3, 5, and 6), was electrophoresed, blotted, and probed sequentially with the 5' switch mu (5'S) probe. Aberrant isotype switch recombination fragments are indicated by an arrow and germline fragments by a "g.l."
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CDR3 Region Analysis and Homology to Known Antibodies
In all but one case (no. 1), the variable diversity (D) segments showed significant homology to one of the known germline D genes (Table 1) . One case showed usage of the D4 family, one case showed usage of both D5 and D4, two cases shared usage of the D3 family, whereas case 4 showed D4 on one allele and D6 on the other. Cases from 1 to 5 used J H 4 and case 6 used J H 5.
For each patient, the consensus CDR3 nucleotide sequence was translated (Fig. 3) . The mean length of the CDR3 ranged from 9 to 13 amino acids (mean 11) in MALT lymphomas with aberrant isotype switch and from 7 to 12 amino acids (mean 8.7) in lymphomas without aberrant isotype switch. Two N segments were added in the three cases with aberrant isotype switch, whereas only one N segment was added in the other three cases. Comparison of CDR3 amino acid sequences with GenBank databases revealed high homology to known antibodies in four cases. Case 3 showed 75% identity with an autoantibody from a patient with rheumatoid arthritis and case 6, 72% identity with an autoantibody from a patient with lupus. Cases 4 and 5 showed identity with an antibody isolated from a patient with Kawasaki disease (77% and 83%, respectively), whereas CDR3 from cases 1 and 2 showed no homology to any known antibody. 
Discussion
In the present study, we investigated the relationship between aberrant isotype switch events and the extent and pattern of V H somatic mutations in six cases of gastric low-grade MALT lymphoma in an effort to define the maturation of the tumor precursor cell. Three of the low-grade MALT lymphomas showed evidence of aberrant isotype switch recombination, and our data indicate that such lymphomas have a different V H mutational status and therefore a different maturation stage as compared with MALT lymphomas lacking aberrant isotype switch. The clonal V H genes of all six low-grade MALT lymphomas were potentially functional because no stop codons were present and the CDR3 sequences were in-frame. A biased usage of the V H 4 family was observed. In addition we observed overuse of D4-17 and of J H 4 segments. A predominant usage of the J H 4 segment in gastric MALT lymphomas has been previously observed (Bertoni et al, 1997; Qin et al, 1995 Qin et al, , 1997 Thiede et al, 1998) , whereas an overuse of a specific V H family (V H 1-69), has been reported only in salivary gland MALT lymphomas (Miklos et al, 2000) . This highly nonrandom repertoire suggests that B cells with particular heavy chains are preferentially selected for malignant transformation, presumably because of their enhanced ability to bind an antigen.
In our study, case 4 showed a biallelic V H DJ H rearrangement (V H 1 and V H 4), a phenomenon previously reported in cases of low-grade and high-grade MALT lymphomas (Hallas et al, 1998; Yumoto et al, 1999) and in B-cell chronic lymphocytic leukemia (Rassenti and Kipps, 1997) .
In four cases the R/S ratios in the CDRs exceeded the expected values, whereas R/S ratios in FRs 
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were lower than expected. These features are characteristic of antigen-selected antibodies that are under positive pressure to provide the "best fit" for antigen while retaining framework structure to provide the scaffolding for the antigen-contacting CDRs (Chang and Casali, 1994) . On the other hand, two cases displayed R/S ratios in the CDRs lower than expected. A possible explanation for this feature may be selection by an autoantigen that usually provides negative selection pressure in CDRs to maintain autoantigen-binding affinity (Bahler et al, 1992; Friedman et al, 1991) . Consistently the CDR3 translated sequences in these two cases showed homology to autoantibodies.
The length of CDR3 in all cases ranged from 7 to13 amino acids, in accord with reports (2 to 20 amino acids) by others in gastric low-grade MALT lymphomas (Bertoni et al, 1997; Du et al, 1996; Hallas et al, 1998; Qin et al, 1995; Thiede et al, 1998) . Identical CDR3 with different V H sequences were found in two cases (4 and 5), suggesting the presence of a common selecting antigen. A similar process has been described in gastric MALT lymphomas by Bertoni et al (1997) .
The high R/S ratios in CDRs and low R/S ratios in FRs or the homology with autoantibodies in addition to the presence of intraclonal diversification, confirm the positive selective pressure of an antigen that plays a fundamental role in the pathogenesis of this disease, especially during the low-grade stage (Greiner et al, 1994; Hussell et al, 1993 ). Isotype switch and V H genes analysis in the six cases revealed several characteristics that suggest the existence of two distinct subsets of gastric low-grade MALT lymphoma. First, high levels of intraclonal diversification were found in two of three cases without isotype switch events. Noncommon mutations are indicative of ongoing somatic hypermutation (Bahler et al, 1991; Zelenetz et al, 1992) and allow the discrimination between germinal center B cells, which show ongoing mutations, and postgerminal center B cells, which do not (Kuppers et al, 1993) .
Secondly, lower levels of common mutations (2.4% on average) were found in cases without aberrant isotype switch events than in cases with such switch events (7.8% on average). Thus one subset of gastric low-grade MALT lymphomas is characterized by V H intraclonal diversification, few common mutations, and no aberrant isotype switch, whereas the other subset is characterized by the absence of V H intraclonal diversification, many common mutations, and aberrant isotype switch. It is possible that the first subset originated from a germinal center environment and the second subset from a postgerminal center. Alternatively the initial transforming event might have occurred within the germinal center and additional maturation or transforming events blocked the mutational mechanism. Further studies are needed to determine whether these two subsets have prognostic relevance and will enable better evaluation of therapeutic modalities.
Patients and Methods
Patients
All cases met criteria considered to be diagnostic of low-grade MALT lymphomas according to the Revised European-American Classification of Lymphoid Neoplasms. Archival frozen tissue samples were obtained from patients at our institute.
Immunohistochemistry
The isotype of surface immunoglobulins was determined immunohistochemically on cryostat or paraffin sections using monoclonal antibodies specific for human Ig isotypes (DAKO, Glostrup, Denmark), according to the streptavidin-biotin method. Genomic DNA extraction and switch region analysis were performed as described (Nardini et al, 2000) .
PCR of V H Regions and Cloning
The V H DJ H region from each patient was amplified from genomic DNA (1 g) using a consensus forward primer, annealing in the framework 1 region [FR1 c : AGGTGCAGCTG(GC)(AT)G(GC)(AGT)GG], in combination with a joining heavy chain consensus primer [JH c : ACCTGAGGAGACGGTGACC(AG)(GT)(GT)GT]. The PCR mixture contained 1ϫ Taq buffer, 0.2 mM of each dNTP, 1 mM of MgCl 2 , 10% dimethyl sulfoxide, 1 U of Taq polymerase (GIBCO, Paisley, Scotland), and 1 M of each primer in a final volume of 50 l. PCR amplification consisted of an initial denaturation step at 94°C for 5 minutes, followed by 34 cycles at 94°C for 1 minute, 62°C for 1 minute, and 72°C for 2 minutes, with a final extension step at 72°C for 10 minutes. To verify monoclonality, PCR products were analyzed on an 8% acrylamide gel. Rearranged V H DJ H sequences of cases 5 and 6 were amplified using a semi-nested strategy and different primer pairs: FR2 [5' TGG(AG)TCCG(AC)CAG(GC)C(CT)(CT)C(AGCT)GG 3'], annealing in the framework 2 region, and LJH [5' TGAGGAGACGGTGACC 3'], annealing in the joining region. The first round of PCR was performed in 50 l, containing 200 M of each dNTP, 4.5 mM MgCl 2 , 0.7 M primers, and 1ϫ Taq buffer. Hot-start was performed by the addition of 0.25 U of Taq polymerase (GIBCO) after 7 minutes at 95°C. PCR consisted of 30 cycles at 93°C for 45 seconds, 50°C for 45 seconds, and 72°C for 1 minute followed by a final extension step at 72°C for 5 minutes. One microliter of the first amplification was used for second-round PCR under identical conditions, except the VLJH [5' GTGAC-CAGGGT(AGCT)CCTTGGCCCCAG 3'] primer was substituted for the LJH primer, MgCl 2 concentration was decreased to 2.5 mM, and 20 cycles were performed. Bands corresponding to V H genes were isolated from a 2% low-melting agarose gel, and the DNAs were purified using a Jetquick Kit (Genomed GmbH, Bad Oeynhausen, Germany). Approximately 20 ng of purified DNA was cloned using the TOPO TA Cloning Kit (Invitrogen, San Diego, California) . Both strands of the inserts were sequenced from three or more randomly selected bacterial colonies using an ABI sequencer to obtain the sequence of the dominant clone (consensus sequence).
Mutational Analysis of V H Genes
The V H sequence from FR1 to FR3 of each clone was analyzed using the immunoglobulin Blast database and compared with the germline sequence with the highest homology to identify mutations. Common (somatic) mutations were defined as a nucleotide substitution shared among all clones of a given V H ; noncommon (intraclonal) mutations were defined as a nucleotide substitution present in some but not all clones of a given V H . A stretch of seven consecutive nucleotide matches was considered indicative of specific D gene usage. Expected R/S for CDRs and FRs were calculated according to the model of Chang and Casali (1994) . Homology to published germline clones was searched at both the nucleotide and protein levels. Statistical analysis were performed with the t test.
